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1 .  INTRODUCTION.  

S l a g s  formed dur ing  t h e  g a s i f i c a t i o n  of c o a l  u s u a l l y  c o n t a i n  Si02, A 1  0 i r o n  
o x i d e s ,  CaO, Na20 and K20 with  minor amounts o f  v a r i o u s  o t h e r  o!xiaLs. A 
knowledge of t h e  physico-chemical p r o p e r t i e s  of t h e s e  s l a g s  can improve t h e  
c o n t r o l  of t h e  process  eg. t h e  amount of f l u x  r e q u i r e d  t o  b r i n g  t h e  s l a g  
v i s c o s i t y  t o  a l e v e l  s u i t a b l e  f o r  t a p p i n g  can be c a l c u l a t e d  from 
viscos i ty-composi t ion  r e l a t i o n s .  P h y s i c a l  p r o p e r t y  d a t a  f o r  t h e  c o a l  slags can 
also improve process  des ign  by t h e  development o f  reliable mathematical  models 
of t h e  process  e g .  thermal  p r o p e r t i e s  o f  t h e  slags are needed f o r  h e a t  balance 
c a l c u l a t i o n s .  There is an  a p p r e c i a b l e  v a r i a t i o n  i n  t h e  compositions of s l a g s  
formed from v a r i o u s  c o a l s  and even from d i f f e r e n t  ba tches  of t h e  same s t o c k  on 
occas ions  and t h e s e  composi t iona l  v a r i a t i o n s  can g i v e  rise t o  cons iderable  
d i f f e r e n c e s  i n  t h e  p h y s i c a l  p r o p e r t i e s .  As t h e  chemical a n a l y s i s  is  f r e q u e n t l y  
a v a i l a b l e  on a r o u t i n e  b a s i s  it would be p a r t i c u l a r l y  d e s i r a b l e  t o  have r e l i a b l e  
models f o r  t h e  p r e d i c t i o n  of physico-chemical p r o p e r t i e s  from t h e i r  chemical 
composition. Furthermore such  models would have t h e  f u r t h e r  advantage t h a t  they 
would e l i m i n a t e  t h e  need for arduous i n t e r p o l a t i o n s  on pseudo-ternary p l o t s  f o r  
s l a g s  which a r e  r e a l l y  multicomponent and i n t e r a c t i v e  systems. 

The p r o p e r t i e s  of s l a g s  a r e  dependent n o t  only upon chemical composition, bu t  
upon o t h e r  f a c t o r s  also. The most pronounced d e v i a t i o n s  from a d d i v i t y  r u l e s  
based on composition a r i s e  i n  t h e  e s t i m a t i o n  of those  p r o p e r t i e s  which involve 
i o n i c  t r a n s p o r t  such a s  e l e c t r i c a l  c o n d u c t i v i t y .  However s u r f a c e  t e n s i o n  va lues  
e s t i m a t e d  from a d d i t i v i t y  r u l e s  are f r e q u e n t l y  i n  error as  bulk thermodynamic 
p r o p e r t i e s  do n o t  a p p l y  at  s u r f a c e s .  Furthermore,  v i r t u a l l y  a l l  t h e  p h y s i c a l  
p r o p e r t i e s  of s l a g s  a r e ,  t o  some e x t e n t ,  dependent upon t h e  s t r u c t u r e  of t h e  
s l a g  ( v i z .  t h e  l e n g t h  o f  s i l i c a t e  cha ins ,degree  of c r y s t a l l i n i t y  e t c . )  thus  
e s t i m a t i o n  procedures  have t o  accommodate t h e s e  s t r u c t u r a l  f a c t o r s ,  where 
p o s s i b l e .  

There i s  only a l i m i t e d  amount of p h y s i c a l  p r o p e r t y  d a t a  a v a i l a b l e  for  c o a l  
s l a g s  and consequently i t  h a s  been necessary  t o  examine a much broader range of 
s i l i c a t e s  i n c l u d i n g  magmatic l i q u i d s  and those  s l a g s  encountered i n  steelmaking, 
glassmaking and non-ferrous processes .  Thus t h e  models c i t e d  h e r e  should have a 
much wider range of a p p l i c a t i o n  t h a n  c o a l  g a s i f i c a t i o n .  

A c r i t i c a l  e v a l u a t i d n  of  t h e  e x t a n t  p h y s i c a l  p r o p e r t y  d a t a  h a s  shown t h a t  
v i r t u a l l y  every p h y s i c a l  p r o p e r t y  is markedly dependent upon t h e  d i s t r i b u t i o n  of 
i r o n  i n  t h e  slag between FeO, Fe 0 and f r e e  i r o n .  Frequent ly  these  
d i s t r i b u t i o n s  are n o t  r e p o r t e d  and they2c& n o t  be e a s i l y  p r e d i c t e d  as they 
very dependent( 1) upon ( i )  t h e  p a r t i a l  p r e s s u r e  of oxygen, 
( i i  ) tempera T and ( i i i )  t h e  n a t u r e  of t h e  o t h e r  ox ides  p r e s e n t ,  eg ba0, 
Na20 and K20 tYR2)(3) i n c r e a s e  t h e  amount of  Fe 0 and S i 0 2  i n c r e a s e s  t h e  amount 
of FeO present .  Even when t h e  i r o n  d i s t r i b u t i o n s  2 3  are c i t e d  they  are vulnerable  
t o  error owing t o  d i f f i c u l t i  s i n  chemical a n a l y s i s  and t h e  p o s s i b i l i t y  of  some 
r e d i s t r i b u t i o n  of t h e  Fe/Fe '+/Fe3+ r a t i o s  d u r i n g  t h e  quench. Never the less  it is  
s t r o n g l y  recommended t h a t  a l l  f u t u r e  p h y s i c a l  p r o p e r t y  de te rmina t ions  on c o a l  
s l a g s  should b e  accompanied by chemical a n a l y s i s  for F e ( f r e e ) ,  FeO and Fe20 on 
t h e  quenched specimen as  t h e  s u r f a c e  t e n s i o n ,  a b s o r p t i o n  c o e f f i c i e n t ,  mel l ing  
range  e t c .  f l u c t u a t e  d r a m a t i c a l l y  wi th  t h e  i r o n  d i s t r i b u t i o n .  
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2. MODELS FOR ESTIMATING PHYSICO-CHEMICAL PROPERTIES. 

i 2.1 Melting Range 

Empirical  r u l e s  have been f ~ r m u l a t e d ( ~ - ~ )  f o r  t h e  e s t i m a t i o n  of  m e l t i n g  range  on 
t h e  b a s i s  o f  t h e  b a s i c i t y  o f  t h e  slag o r  a s h .  However t h e  v a r i o u s  c o n s t a n t s  used 
i n  t h e  c a l c u l a t i o n s  a r e  a p p l i c a b l e  t o  very  narrow composi t iona l  ranges  and t h u s  
a l a r g e  number of c o n s t a n t s  are r e q u i r e d  t o  r e p r e s e n t  t h e  slags formed from 
d i f f e r e n t  c o a l s .  

A more u n i v e r s a l  approach h a s  been adopted  r e c e n t l y  by Gaye (7,8) who expressed ,  
t h e  dependency of  l i q u i d u s  tempera ture ,  T upon chemical composition as 
Polynomial for each of t h e  phases ( o r  c o m p o d g j  formed by t h e  s l a g .  The maximum 
c a l c u l a t e d  va lue  of T va lue  f o r  t h e  various phases is t h e  Tli value.  Good 

l i q  agreement was obtaineJiBetween t h e  c a l c u l a t e d  and exper imenta l  vayues f o r  T 
f o r  t h e  S i 0  + MgO + CaO systems. 
However dev&opmen$ %f t h i s  model t o  cover  t h e  multicou&onent c o a l  slags could 
prove d i f f i c u l t .  

A second model due t o  Gaye") would appear  t o  o f f e r  more promise; it is  based on 
t h e  Kapoor-Frohberg model for  t h e  e s t i m a t i o n  of a c t i v i t i e s  and assumes t h a t  both 
a c i d i c  and b a s i c  oxides  are made up of symmetrical  c e l l s  and t h a t  t h e s e  i n t e r a c t  
t o  form assymmetrical  c e l l s .  The a c t i v i t i e s  o f  t h e  v a r i o u s  oxides  c a l c u l a t e d  f o r  
qua ternary  s l a g s  with t h i s  model are i n  e x c e l l e n t  agreement wi th  those 
determined exper imenta l ly .  Values of  T f o r  a g iven  composition can be der ived  
by determining t h e  temperature a t  whi$%he s o l i d  phase formed h a s  an a c t i v i t y  
of one. The model h a s  been developed for  systems based on seven components, 

and MnO. The model w i l l  have t o  be en larged  t o  
:::fide $a:; etc . before  it can %e used f o r  t h e  r e l i a b l e  e s t i m a t i o n  of T of 
coal s l a g s  but  it would seem to  have c o n s i d e r a b l e  promise and h a s  t h e  dleicyded 
advantage t h a t  i t  a l s o  produces a c t i v i t y  d a t a  for t h e  v a r i o u s  component ox ides .  

+ A 1  0 + MgO + FeO and t h e  S i02  + A 1 2 0  

A 1  0 C a O ,  MgO, FeO, FeZO 

2.2 v i s c o s i t y  ( r ) )  
V 

S e v e r a l  models have been r e p o r t e d  for  t h e  e s t i m a t i o n  of  y&y??fties (2) of 
S i l i C  ts t o  c v e composi t iona l  ranges  o f  steelmaking 

and c o a l  s l a g s  and a s h e s  ( '-me.s The temperature (T) 
dependence of t h e  v i s c o s i t y  is expressed  i n  t h e  form o f  t h e  Arrhenius 
r e l a t i o n s h i p  (equat ion 1 ) )  o r  t h e  Frenkel r e l a t i o n s h i p  (equat ion  2 )  which is  
sometimes known a s  t h e  Weymann e q u a t i o n )  where A and B a r e  c o n s t a n t s ,  E is t h e  
a c t i v a t i o n  energy and R is t h e  Gas Constant.  

*2,= A exp. (E/RT) 1 )  

% =  AT exp.(E/RT) 2) 

Estimated v i s c o s i t i e s  have been c a l c u l a t e d  u s i n g  t h e s e  v a r i o u s  models and t h e  
closest agreV3t  with experimenta ,l,,y%j?s was obta ined  wi th  t h e  models due t o  
Riboud e and Urbain 2 . These estimation procedures  u s e  t h e  
Frenkel r e l a t i o n s h i p  and t h u s  t h e i r  s u p e r i o r i t y  may be l a r g e l y  due t o  t h e  use of 
equat ion  2) .  The model due t o  Schober t  which i n v o l v e s  pe t rographic  
c l a s s i f i c a t i o n  of t h e  c o a l  s l a g  h a s  n o t  been checked and t h i s  procedure may 
provide r e l i a b l e  estimates of v i s c o s i t y  for  coal s l a g s  but  could  n o t  be appl ied  
t o  s l a g s  cover ing  a wide range  of composition. Thus e f f o r t  i n  t h e  p r e s e n t  s tudy  
was focussed predominantly on t h e  Riboud and  UrbSin models. 
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(13)  Model due t o  Riboud e t  a1 

The s l a g  c o n s t i t u e n t s  are c l a s s i f i e d  i n  f i v e  d i f f e r e n t  c a t e g o r i e s  i n  t h i s  model. 
The mole f r a c t i o n s  ( x )  f o r  those  c a t e g o r i e s  being given by 
(i) x("Si0  I)) = x ( S i 0  + x(P02 + x(Ti02)  + x(Zr02)  
(ii) 
( i i i )  x(A1 0 ) 
( i v )  x(Ca$ 3 and 
(v)  

The parameters  A and B of  equat ion  2 )  are c a l c u l a t e d  from t h e  mole f r a c t i o n  o f  
the  f i v e  c a t e g o r i e s  by u s i n g  equat ions  3 )  and 4) .  

x(llCa02) = x(CaO)'+ x(Mg0) 4 x(Fe0)  + x(FeOlm5) 

x("Na20,I) = x(Na 0) + x(K20). 2 2 

A =exp(-19.81+1.73x~~~CaO~~~+5.8Zx~CaF2~+7.02x~Na2O)-33.~6x(Al 2 3  0 ) 

B =+3 1 140-23896x(~~CaOf9)-46356x(CaF2)-39 l59x(~~Na2Ott)+68833x( A 1 2 0 3 )  

3 )  

4)  

Subsequent ly ,  from t h e  v a l u e s  o f  A and B i t  is p o s s i b l e  t o  c a l c u l a t e  t h e  
v i s c o s i t y  f o r  t h e  t e m p e r a t u r e s  i n  ques t ion  by u s e  of  equat ion 2 ) .  

(18)  Model due t o  Urbain e t  a 1  

I n  t h i s  model t h e  parameters  A and B are c a l c u l a t e d  by d i v i d i n g  t h e  s l a g  
c o n s t i t u e n t s  i n t o  t h r e e  c a t e g o r i e s  (i) " g l a s s  formersn ,  xG = x ( S i 0  ) + x(P 0 ) 
(il) nmodifiers", xM = (CaO)  + x(Mg0) + x(Na20) + x(K20) + 3x(CaF2? + ~ ( F e 8 ) ~ +  
x(Mn0) + 2x(Ti02) + 2x(Zr02)  (iii) "amphoter icsn,  xA = x(A1203) + x(Fe203) + 
x(B 0 ).  2 3  
However we c o n s i d e r  t h a t  Fe20 behaves more l i k e  a modi f ie r  than an 'amphoter ic  
and i n  our r e v i s e d  programme 3.5 x(FeOl 5 )  has  been added t o  xM and x(Fe 0 ) 
deducted from xA. tfNormalizedft va lues  'x,* and x fi and x fi a r e  obtaine? $y 
d i v i d i n g  t h e  mole f r a c t i o n s ,  x and xA by t h e  term 
( 1  + 2x(CaF2) + 0.5 x(FeO) + x(Zr0  )). Urbain proposed t h a t  t h e  
parameter  B was i n f l u e n c e d  k&i by t h e  r a t i o ,  4 = ? x i / ( %  + x i ) ]  and by x*. The 
parameter  B can be expressed  i n  t h e  form o f  equat ion ( 5 )  where B1,  B p  and % can 

M A 

!(Ti02) 

be  obtained by equat ion ( 6 ) .  3 

B = Bo + B1 x: + B2(xG) ' 2  + B ( x  f i 3  ) 
3 G  

Bi = ai + big + cieZ 

5)  

B , B1, B2 and B can be c a l c u l a t e d  from t h e  equat ions  l i s t e d  i n  Table 1 and 
tRese p a r a m e t e r ~ ~ a r e  t h e n  in t roduced  i n t o  equat ion 5 )  t o  c a l c u l a t e  B. The 
parameter  A can be c a l c u l a t e d  from B by equat ion  7)  and t h e  v i s c o s i t y  of  t h e  
s l a g  (in Pas) can then  be determined us ing  equat ion  8 ) .  

- 1nA = 0.2693 B + 11.6725 

0.1 [AT exp ( lo3 B/T)] 

2 TABLE 1 
'2' 

B = 13.8 + 39.93556 - 44.049 
BY 
B2 
B3 = ' 60.7619 - 153.9276 + 211.1616 

= 30.481 - 117.1505d+ 129.f4978g2 
= -40.9429 + 234.0486@- 300.04 t22 

B e 
( * *  

7) 

8)  
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Modif icat ions t o  t h e  Urbain model 

, Urbain('*) has  r e c e n t l y  modified t h e  model t o  c a l c u l a t e  s e p a r a t e  B Values f o r  
A d i f f e r e n t  i n d i v i d u a l  m o d i f i e r s ,  C a O ,  MgO and MnO. The g l o b a l  B Value f o r  a S l a g  

x(CaO)B(CaO) + x(MgO)B(MgO) + x(MnO)B(MnO) 

x(Ca0) + x(Mg0) + x(Mn0) 
B(globa1) 9) 

Assessment of  t h e  v i s c o s i t y  models 

These two models have been used t o  c a l c u l a t e  t h e  v i s c o s i t i e s  of s l a g s  with 
widely-varying compositions and it h a s  been found t h a t  both g i v e  va lues  which 
agree  well with experiment. 

The model of Urbain g ives  a s l i g h t l y  b e t t e r  f i t  than  t h e  Riboud model. The  
d i s c r e p a n c i e s  between t h e  exper imenta l  va lues  and t h e  pred ic ted  v a l u e s  are Of 
t h e  order  of 2 30% which are of similar magnitude t o  t h e  experimental  
u n c e r t a i n t i e s  f o r  v i s c o s i t y  measurements. 

2.3 Density ( Q ) 

Recent ly  Keene(25) has  r e p o r t e d  t h a t  t h e  d e n s i t y  a t  1673K of molten s l a g s  can be  
obta ined  w i t h i n  5% us ing  t h e  equat ion 10) 

e / g ~ m - ~  2.46 + 8.018 ( $  FeO + % Fe203 + MnO + % NiO) 10) 

An a d d i t i v e  method(sg;2flje e s t i m a t i o n  of d e n s i t i e s  (e) i n  s l a g s  h a s  been widely 
used f o r  some t ime . I n  t h i s  method, t h e  m o l a r  volume, V ,  can be  obta ined  
from equat ions  11)  and 12) below, where M ,  x and V a r e  t h e  molecular  weight ,  
mole f r a c t i o n  and t h e  par t ia l  molar volume, r e s p e c t i v e l y ,  and 1 ,  2 and 3 denote 
t h e  var ious  oxide  c o n s t i t u e n t s  of t h e  s l a g .  

V =  M X  + M 2 x 2 + M x  1 1  3 3  - - 
V E X V  + x 2 v 2 + x v  

1 1  3 3  
The p a r t i a l  molar volume i s  u s u a l l y  be equal  t o  t h e  molar volume OL 
t h e  pure component ( V O ) .  Bot t inga and Weill pzoduced a s e r i e s  o f  v a l u e s  of  V 
f o r  var ious  oxides  assuming a c o n s t a n t  value f o r  V(Si02) and i t  was claimed t h a t  
good e s t i m a t i o n s  o f  t h e  d e n s i t y  could be o b t a i n e  tqgf,y0)compositions containin& 
between 40 and 80% Si02.  Two more r e c e n t  s t u d i e s  a l s o  -concluded t h a t  V 
( S i 0  ) was independent of  composition and have ed t h e  V v a l u e s  f o r  t h e  
var ious  oxides .  However it h a s  been poin ted  out  
s l a g  is a l s o  r e l a t e d  to  its s t r u c t u r e .  S i l i c a t e  s l a g s  c o n t a i n  a mixture  of 
c h a i n s ,  r i n g s  and b a s i c  s i l icate  u n i t s ,  which are dependent upon t h e  s i l i c a  
concent ra t ion  and upon t h e  n a t u r e  of t h e  c a t i o n s  p r e s . n t .  Thus t h e  d e n s i t i e s  of  
s i l icate  s l a g s  es t imated  us ing  a c o n s t a n t  va lue  f o r  V(Si02) w i l l  be s u b j e c t  t o  
e r r o r  as t h e  arrangement o f  t h e s e  s i l i c a t e  c h a i n s  v a r i e s  with s i l i c a  
concent ra t ion .  

Furthermore Grau and M a ~ s o n ' ~ ~ )  poin ted  o u t  t h a t  f o r  t h e  series M 0 ,  M2Si02 the  
p a r t i a l  molar volume of  S i02  is n o t  c o n s t a n t .  They c a l c u l a t e d  a*$ term f o r  t h e  
d i f f e r e n c e s  between any two members o f  t h e  series and i n  t h i s  way c a l c u l a t e d  
va lues  were der ived  f o r  t h e  systems FeO + S i 0 2 ,  PbO + Si0  , FeO + MnO + Si02  and 

method is not  s u i t a b l e  f o r  c a l c u l a t i n g  dens i t i e sSo iP~~u l t i componen t  systems.  

1 ("" t h a t  t h e  d e n s i t y  of  t h e  2 

I 

i 
I 

t FeO + CaO + Si02  f o r  compositions i n  t h e  range x = 0.g t o  1.0. However t h i s  
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Very r e c e n t l y ,  Bot t inga  et ,1(33) have presented  a model i n  which t h e  p a r t i a l  
molar volumes of a l u m i n a - s i l i c a t e  l i q u i d s  were considered t o  be 
composition-dependent. 

N e w  model f o r  c a l c u l a t i n g  t h e  d e n s i t i e s  o f  s lam 

S l a g s  conta in ing  SiO,, A 1  0 and P 0 c o n s i s t  o f  c h a i n s ,  r i n g s  and complexes 
which a r e  dependent upon t%e amount2a;id n a t u r e  of  t h e  c a t i o n s  p r e s e n t .  Thus it 
is necessary t o  make t h e  p a r t i a l  molar volumes dependent upon composition f o r  - oxides of  this type.  I f  i n  a b inary  system, equat ion  12) were a p p l i c a b l e  and i f  
Vi = V i  ie.V i s  independent  o f  composi t ion,  then t h e  curve of  V as a f u n c t i o n L f  
composition w i l l  be t h a t  shown by t h e  s o l i d  l i n e  i n  Figure l a  and t h e  two x V .  
c o n t r i b u t i o n s  by t h e  d o t t e d  l i n e s .  If we now cons ider  a b inary  s i l i c a t e  sys4ed 
t h e  molar volume (V) would haLe t h e  form shown as a s o l i d  l i n e  i n  F igure  l b .  It 
is reasonable  t o  assume t h a t  V(M 0) is  independsnt  o f  composition and would have 
t h e  form o f  x f i n  F igure  lb .  TKe parameter x2V2 can be der ived f o r  S i02  by use 
of  equat ion 13)  below. 

3 

1 

.. 
x2v2 = v - x l v l  13) 

Thus x P w i l l  have t h e  form o f  t h e  curve  shown i n  F igure  l b .  2 2  

I t  i s  p o s s i b l e  t o  d e r i v e  zy f o r  Si0 i n  t e r n a r y  and qua ternary  s l a g s  by using 
equat ion 14) .  Values f o r  XV (SiO, )  ha%e been der ived us ing  experimental  dens i ty  
d a t a  f o r  t h e  systems,  FeO + SiO,, CaO + S i 0  , MnO + Si0 Na20+Si0 K 0 + SiO, 
and CaO + FeO + Si0 and a r e  p l o t t e d  aga in& x(Si02)  i n % i g u r e  2. c& i e  seen 
from t h i s  f i g u r e  % h a t  t h e r e  i s  e x c e l l e n t  agreement between t h e  xV(Si0 
c a l c u l a t e d  from d i f f e r e n t  s o u r c e s ,  wi th  t h e  except ion  of  t h a t  f o r  t h e  MnO + Si8, 
system; however t h e  r e l i a b i l i t y  of t h e  experimental-data f o r  t h i s  system, have 
been quest ioned previous ly .  From t h i s  curve f o r  xV(Si0,) we  can d e r i v s  t h e  
r e l a t i o n s h i p ,  V(Si02) = 19.55 + 7.966.x(SiO ).  The recommended va lues  f o r  V f o r  
t h e  var ious  oxides  a t  150OoC are given i n  T i b l e  2. - - 

XV(SiO2) = v - X I V ,  - x2v2 - x3v3 

Values f o r  x? ( A 1  0 ) were determined i n  a similar manner by us ing  experimental  
d e n s i t y  data  f o r  %?e systems,  CaO + A 1  03, CaF + A1203 ,  CaF + A120 , Si02 + 
A120 , MgO + CaO + A 1  0 and MnO + S i 8  + Al$3. The XV ( A ?  0 ) r e z u l t s  a r e  
p$otzed i n  F igure  3 an5 g h e  relationship'%(A1203) = 28.31 + 32 %(%1203) - 31.45 
x ( A 1  0 was der ived from t h i s  curve. 

2 3  
There are few exper imenta l  d a t a  f o r  t h e  d e n s i t y  o f  phosphate s l a g s ,  xy(P205) 
va lues  were der ived  fzom d a t a  f o r  t h e  systems CaO - FeO - P 0 

r e l a t i o n s h i p .  

and Na 0 - P 0 
A cons tan t  va lue  of V = 65.7 c m  3 mol- was obta ined  from2tge s e l e c z e d  l i g e i ;  

TABLE 2 

Recommended v a l u e s  for  t h e  p a r t i a l  molar volumes, V ,  
of v a r i o u s  s l a g  c o n s t i t u e n t s  a t  15OO0C 

- 

SiO, 19.55 + 7.966 x(SiO2 ) FeO 15.8 K20 51.8 
A1203 28.31 + 32 ~ ( A 1 ~ 0 J - 3 1  .45 x2(A$0,) 38.4 CaF2 31.3 
CaO 20.7 ;3O3 15.6 P205 65.7 
MgO 16.1 Na 20 33 T i O p  24 

Uni t s  o f  v cm3 mol-' 10"j m 3  mol-' 

I n  order  t o  provide a temperature  c o e f f i c i e n t ,  t h e  temperature  dependencies Of 
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t he  molaC volumes (dV/dT) of many s l a g  systems were examined and a mean va lue  of 
0.01% K- was adopted. 

Assessment o f  d e n s i t y  models. 

An a n a l y s i s  o f  t h e  u n c e r t a i n t i e s  a s s o c i a t e d  with t h e  estimated o f  d e n s i t i e s  wi th  
t h i s  model h a s  not  been completed y e t .  However on t h e  b a s i s  of  those  v a l u e s  
obtained so far t h e  s t a n d a r d  d e v i a t i o n  of  t h e  f a c t o r  ' [ ( e e s t - ~ e x p t / e e x p t ]  is 
b e t y p  1 and 2% and less than t h a t  recorded vary t h e  method due t o  Bot t inga  e t  
a 1  . The experimental  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  d e n s i t y  measurements f o r  
s l a g s  are i . e .  t 2%. 

2.4 Surface tens ion  (1) 

Methods f o r  e s t i m a t i n g  t h e  s u r f a c e  tens ion  of s l a g s  based on t h e  a d d i t i o n  of  t h e  
partial  molar copjy jbut ions  (3 )  of ttg) i n d i v i d u a l  c t i t u e n t s  have been 
repor ted  by Appen and by P o p e l m .  A l l  t h e s e  methcds 
make u s e  of equat ion 13d where 1 , 2 , 3  e t c  denote  t h e  var ious  slag c o n s t i t u e n t s .  

by Boni and Derge 

4 - - 
7. XJ1 + x2x2 + x 'I + ..... 

3 3  13a)  
L 

Values o f  'II; a r e  o f t e n  taken  t o  be t h e  s u r f a c e  tens ion  of t h e  pure components, 
r?, and have a l s o  been obta ined  by r e i t e r a t i v e  procedures .  F igure  4a shows a 
t y p i c a l  p l o t  of  t as a func t ion  of x f o r  a b inary  s l a g  and t h e  i n d i v i d u a l  XI, 
c o n t r i b u t i o n s  have been included These methods work well f o r  c e r t a i n  s l a g  
mixtures  but  break down when s u r f a c e - a c t i v e  c o n s t i t u e n t s ,  such as P 0 a r e  
present .  Sur face  a c t i v e  components migra te  p r e f e r e n t i a l l y  t o  t h e  s u r s a %  and 
cause a sharp  decrease in t h e  s u r f a c e  t e n s i o n  and only very small c o n c e n t r a t i o n s  
are requi red  t o  cause a n  apprec iab le  decrease  i n  3 i f  t h e  c o n s t i t u e n t  is 
concent ra ted  in t h e  s u r f a c e  l a y e r .  Thus some unrepor ted  o r  undetec ted  impur i ty  
could have a marked e f f e c t  on t h e  s u r f a c e  t e n s i o n  o f  t h e  s l a g  and consequent ly  
produce an apparent  e r r o r  i n  t h e  value e s t i m a t e d  by t h e  model. In t h i s  a s p e c t  
s u r f a c e  tens ion  d i f f e r s  from a l l  t h e  o t h e r  p h y s i c a l  p r o p e r t i e s  which a r e  
e s s e n t i a l l y  bulk p r o p e r t i e s .  

Model for c a l c u l a t i n g  t h e  s u r f a c e  t e n s i o n  of  slam 

Figure  4a shows t h e  s u r f a c e  t e n s i o n  of two s l a g  c o n s t i t u e n t s  which are not  
surface a c t i v e .  For a binary mixture  w i t h  one s u r f a c e  a c t i v e  component t h e  
s u r f a c e  tension-composition r e l a t i o n s h i p  w i l l  have the  form o f  t h a t  shown i n  
F igure  4b where 2 denotes  t h e  s u r f a c e - a c t i v e  c o n s t i t u e n t .  If we assume t h a t  XI 
f o r  component 1 is Unaffected then t h e  term a2x2, t h e  p a r t i a l  molar c o n t r i b u t i o n  
of t h e  s u r f a c e  active 'material, can be c a l c u l a t e d  by equat ion  14d below. The 
term ( x  1 ) can s i m i l a r l y  be c a l c u l a t e d  f o r  t e r n a r y  and qua ternary  systems 
provid ing  there is only one s u r f a c e  a c t i v e  component. The composi t ional  
dependence of t h e  (x2v2) term is shown i n  

2 2  

14a) 

F igure  4b and i t  should be noted t h a t  as x -P 1 then x2Tpjo. Values o f  (xg) 
f o r  var ious  s u r f a c e  a c t i v e  m a t e r i a l s  d e r i v e 3  from exper imenta l  s u r f a c e  tens ion  
d a t a  a r e  shown in Figures  5a. It is p o s s i b l e  t o  d e a l  w i t h  t h e  composi t ional  
dependence of  t h e s e  ( x m  va lues  by c o n s i d e r i n g  two curves v i z .  one o p e r a t i n g  up 
t o  t h e  poin t  N and t h e  o t h e r  r e p r e s e n t i n g  va lues  o f  x where x > N. The p a r t i a l  
s u r f a c e  tens ion  f o r  non-surface a c t i v e  c o n s t i t u e n t s  is shown i n  Table  3 and t h e  
equat ions  f o r  c a l c u l a t i n g  f f o r  s u r f a c e  a c t i v e  components and v a l u e s  of  N a r e  
given i n  Table 4 .  There is a c o n s i d e r a b l e  discrepancy i n  t h e  x 3 - (x  ) 
r e l a t i o n s h i p s  f o r  B 0 obta ined  from exper imenta l  d a t a  on two di f fe ren{  gystemz, 

2 3  
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consequent ly  a mean v a l u e  h a s  been adopted u n t i l  f u r t h e r  data become a v a i l a b l e .  

TABLE 3 - 
Partial  molar s u r f a c e  t e n s i o n , Y  , a t  1500 OC 

f o r  d i f f e r e n t  s l a g  c o n s t i t u e n t s  

sio2 CaO MgO FeO MnO Ti02 
260 625 6":So3 635 645 645 360 

- TABLE 4 
Values o f  xixi a t  5OO0C f o r  s u r f a c e - a c t i v e  c o n s t i t u e n t s  

L 

S l a g  xivi f o r  x < N N xiyi f o r  x > N 
Cons t i  tuent  

2 
Fe 0 -3.7 - 2972 x + 14312 5 
~ ~ ~ 0 3  0.8 - 1388 x - 6723 x2 K 8  0.8 - 1388 x - 6723 x 
P20 -5.2 - 3454 + 22178 x2 
B ~ O ~  -5.2 - 3454 + 22178 
c2, 3 - 1248 x + a735 x 2  

s -0.8 - 3540 x + 55220 x 
Ca$23 -2 - 934 x + 4769 X, 

0.125 
0.115 
0.115 
0.12 
0.10 
0.05 
0.13 
0.04 

-216.2 + 516.2 x 
-115.9 + 412.9 x 

-94.5 + 254.5 x 

-155.3 + 265.3 x 
-142.5 + 167.5 x 

-84.2 + 884.2 
-92.5 + 382.5 
-70.8 + 420.8 

The repor ted  values-?f (Qx/dT) f o r  var ious  s l a g  systems were examined and a mean 
va lue  of -0.15 mN m K- was appl ied  a s  a temperature  c o e f f i c i e n t .  

Assessment o f  t h e  model 

The s tandard  d e v i a t i o n  of  t h e  f a c t o r  [(Vest- $ e x p t ) / l e x p t l  was ca .  2 10%. 
Undoubtedly much o f  t h e  u n c e r t a i n t y  arises from experimental  e r r o r s ,  where t h e  
e f f e c t  of  unrepor ted  s u r f a c e  a c t i v e  i m p u r i t i e s  and t h e  n a t u r e  of  t h e  gaseous 
atmosphere could have a marked e f f e c t  on t h e  va lue  of  s u r f a c e  t e n s i o n .  

Another major source  of  e r r o r  is t h e  amount o f  Fe 0 p r e s e n t  i n  t h e  s l a g ,  t h i s  
i n v e s t i g a t i o n  has  shown cj$arq+ t h a t  Fe 0 is very s u r f a c e  a c t i v e .  Few 
i n v e s t i g a t o r s  c i t e  t h e  ( F e  /Fe ) r a t i o  6h?ch i n  t u r n  is dependent upon, 
( i ) p  (ii) T and (iii) t h e  n a t u r e  and amount of  o t h e r  ox ides  present  and 
furtggrmore t h e  r a t i o ,  when quoted ,  is v u l n e r a b l e  t o  error. Thus t h e  problem 
arises i f  a decrease  i n  y is recorded when Na20 I s  added t o  t h e  s l a g ,  is t h i s  
decrease  due t o  a i n c r e a s e  in Fe 0 c o n t e n t  o r  due t o  t h e  s u r f a c e  a c t i v i t y ?  I n  
t h i s  i n v e s t i g a t i o n  a t t e m p t s  were2mide t o  compensate 
c o n t e n t  but t h e  e f f e c t s  o f  b a s i c  oxides  on t h e  Fe d i s t r i b u t i o n  a r e  n o t  w & j  
documented and some error may ensue.  

A major unresolved problem concerns  t h e  s i t u a t i o n  where t h e  s l a g  c o n t a i n s  more 
than one s u r f a c e  a c t i v e  component. It is p o s s i b l e  t h a t  t h e r e  is some competition 
f o r  s i tes  on t h e  s u r f a c e  and hence t h e  decrease  i n 8  would n o t  be as  sharp as 
t h a t  c a l c u l a t e d  from t h e  summation of (xA8A + xBa ) where A and B denote 
s u r f a c e  a c t i v e  c o n s t i t u e n t s .  I n  t h i s  c a s e  t h e  mogel may overes t imate  t h e  
decrease  i n  % . There a r e  n o  e x t a n t  data t o  confirm t h i s  p o s s i b i l i t y ,  we have, 
however, considered (Na 0 + K 0) as one c o n t r i b u t i o n  i n  t h e  model. 

2 3  

f o r  an i n c r e a s e  i n  Fe 0 

2 2  

2.5 Thermal P r o p e r t i e s  

The computation of t h e  thermal  l o s s e s  in t h e  conver te r  by conduct ive and 
r a d i a t i v e  processes  r e q u i r e s  knowledge of  t h e  fo l lowing  thermal  p r o p e r t i e s ,  hea t  
c a p a c i t y ,  en tha lpy ,  thermal  c o n d u c t i v i t y ,  absorp t ion  c o e f f i c i e n t  and emiss iv i ty .  
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\ 2.5.1 Heat c a p a c i t y  C,and en tha lpy  (HT - H of slags 
r -298)- 

\ 

When a s i l icate  l i q u i d  is  cooled the s t r u c t u r e  of t h e  s o l i d  formed is dependent 
upon t h e  c o o l i n g  rate and t h e  thermal  h i s t o r y  of t h e  sample. Consider a l i q u i d  
a t  a temperature corresponding t o  t h e  p o i n t  C i n  F igure  6 ,  a r a p i d  quench w i l l  
produce a g l a s s  and t h e  en tha lpy  evolved w i l l  fo l low t h e  p a t h  CLGA. By c o n t r a s t ,  
a very slow c o o l i n g  rate w i l l  result i n  t h e  formation of a c r y s t a l l i n e  s l a g ,  t h e  
en tha lpy  evolu t ion  fo l lowing  t h e  p a t h  CL De, It w i l l  be noted  from F i g u r e  6 t h a t  
(H$ - H 2 @ ) c r p t  = (HT - H 2 9 8 b l y s  + AHV1', where AHvit is e n t h a l p y  of t h e  
e n  o t h e r  c ransformation o crystal + g l a s s ) .  The C- v a l u e s  f o r  t h e  

Y . -  
Various phases can be summarized a s :  

C ( c r y s t a l )  = C ( g l a s s )  < C ( supercooled  l i q u i d )  = C ( l i q u i d )  
P P P P 

It can be s e e n  from Figure  6 t h a t  a t  t h e  glass temperature (T ) t h e r e  is a 
sudden i n c r e a s e  i n  C ( A C  gl) as t h e  g l a s s  t ransforms i n t o  a supercooled 
l i q u i d .  Drop calorimet$y s t u 8 i e s  on t h e  g l a s s  phase a t  tempera tures  between T 
and Tlig w i l l  produce p r o g r e s s i v e l y  more c r y s t a l l i z a t i o n  as  T is  approachga 
and con equent ly  t h e  (H - H29 ) - T r e l a t i o n s h i p  w i l l  be  lsifbilar to t h a t  
d e p i c t e d  by t h e  d o t s  i n  J i g u r e  tu,.;d n o t  t h e  p a t h ,  AGLC; t h e  magnitude of t h e  
a p p a r e n t  en tha lpy  of  f u s i o n  ( A H  w i l l  be dependent upon t h e  f r a c t i o n  of t h e  
sample c r y s t a l l i z e d  d u r i n g  a n n e a l i n g  a t  tempera tures  between T and T . The 
C va lues  f o r  t h e  l i q u i d  and superco  l i q u i d s  have beeng%eporteai%o be 
c g n s t a n t  and indepe dent  of temperatur& '#. It follows from t h e  t r i a n g l e  GEL i n  
F igure  6 t h a t  AC gri(T - T ) =AH . Thus it is p o s s i b l e  t o  e s t i m a t e  t h e  
en tha lpy  of a slag w i t h i %  gld&y s t r u c t u r e  from e s t i m a t e s  o f  C ( g l a s s )  C ( l i q )  
and T . However t h e  e s t i m a t i o n  of T is d i f f i c u l t  as it can vavy betweenP- 700 
and l a 0  K and the(y8yious  es t imat idf i  r u l e s  suggeste nown t o  be prone t o  
a p p r e c i a b l e  e r r o r s  . Inspec t ion  of l i t e r a t u r e  d a t a  dcg95g5 i n d i c a t e  t at  t h e  
glass t ransformat ion  o c c u r s  when C a t t a i n s  a va lue  of ca .  1.1 J K-'g-'; t h i s  
r u l e  h a s  been used in t h e  develoDme%t of t h e  fo l lowing  model f o r  the  e s t i m a t i o n  

g l  

of (HT - HZg8) and C of slags wi th  a g l a s s y  s t r u c t u r e .  

The C for  glass, l i q u i d  and supercooled l i q u i d  phases  can b e z s t i m a t e d  from 
s l a g  Pcomposition u s i n g  p a r t i a l  molar h e a t  c a p a c i t i e s  (Cp) as shown 
equat ion  15).  

P 

- 
C P ' X C  + x F  + x T  + x F  ... 

1 P1 2 P2 3 P3 4 P4 - 
For most materials t h e  tempera ture  dependence of C is  u s u a l l y  expressed  
form given  by equation 16) where a ,  b and c are conspants 

C ~ a + b T - c T - ~  
P 

I 

L 
The en tha lpy  at T r e l a t i v e  t o  298 K (25 OC) is  obta ined  from e q u a t i o n  17)  

P t h e  glass phase 

t h e  
i n  

15) 

t h e  

16) 

f o r  

Values of a ,  b and c for  t h e  v a r i o u s  s l a g  components a r e  g i v e n  i n  Table  5 and it 
should  be noted t h a t  t h e  P20 and 
CaS04, r e s p e c t i v e l y .  The amo?mt of CaO used i n  t h e  c a l c u l a t i o n  of xE ?CaO) 
s h o u l d  be  a d j u s t e d  by t h e  r e l a t i o n s h i p  x(Ca0) = x(Ca0 , t o t a l )  - x ( P  0 )'- x(S)  
t o  account f o r  t h e  CaO i n  CaP206 and CaSO,,. The model also t a k e s  iEt2 account  
t h e  presence  of f r e e  i r o n  i n  t h e  slag.  
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/ 



TABLE 5 

S l a g  
Component 

sio2 

K2° 

Mn02 

CaO 

Na 0 
Ti6  

F e0 
Fe 0 
Fe2 

’2’5 CaF2 

s03 

The vz 

- 
C (glass)/calK-’mol-’=a+bT -c/T2 ?p ( l iq )  

M P  
a b.103 c.105 cal K-lmo1-l 

60.09 
56.08 

101.96 
40.31 
94.2 
61.98 
79.9 
70.94 
71.85 

159.7 
55.85 

141.91 
78.08 
80.06 

13.38 
11.67 
27.49 
10.18 
15.7 
15.7 
17.97 
11.11 
11.66 
23.49 

3.04 
43.63 
14.3 
16.78 

3.68 
1.08 
2.82 
1.78 
5.4 
5.4 
0.28 
1.94 
2.0 

18.6 
7.58 

11.1 
7.28 

23.6 

3.45 
1.56 
8.4 
1.48 
0 
0 
4.35 
0.88 
0.67 
3.55 
-0.6 

10.86 
-0.47 

0 

1 c a l  = 4.184 J; T i n  K 

20.79 
19.3 
35 
21.6 
17.7 
22 
26.7 
19.1 
18.3 
45.7 
10.5 
58 
23 
42 

Jes of  ? f o r  e l i q u i d  w ) s u p e r c o o l $ d  l i q u i d  given i n  Table 5 a r e  
those  repor ted  t& Carmichael e t  a 1  
where o t h e r  va lues  have been p r e f e r r e d .  

except  C va lues  f o r  A1203 and Fe 0 
P 2 3’ 

Thus (HT - v a l u e s  f o r  a l i q u i d  s l a g  a t  temperature  T y n  be es t imated  by 
determinin;F8 (ie tempera ture  a t  which C = 1.1 J K-l g- ) and c a l c u l a t i n g  
(HT 

Values of C ( g l a s s )  ob ta ined  with t h i s  model l i e  w i t h i n  2% of  t h e  experimental 
v a l u e s  and’the C ( l i q )  v a l u e s  a l s o  appear  t o  agree  with exper imenta l  da ta ;  
v a l u e s  of  AC g1 Pat(3’&g&)calculated us ing  the  mydell l ie  w i t h i n  t h e  range of 
exper imenta l  h u e s  of 0.15 t o  0.30 J K- g . One major uncer ta in ly  
would appear  t o  l i e  i n  t h e  c a l c u l a t i o n  of T , however it can be shown t h a t  an 
e r r o r  i n  T of 100 K would o n l y  produce & e r r o r  o f  ca .  1% i n  t h e  value of 
( H  t Hg18) f o r  t h e  s l a g .  T h e  most s e r i o u s  source  o f  e r r o r  would thus  appear 
to’%!se tl%ough C f e s t a l l i z a t i o n  of  t h e  sample dur ing  quenching, a s  few d a t a  a r e  
a v a i l a b l e  for AH , t h e  magnitude of  e r r o r s  a r i s i n g  from t h i s  s o u r c e  have not 
been eva lua ted .  

- H298)%om equat ion  (17)  and (HT - H: ) from C ( l iq) . (T-T 1. P g l  g l  g l  

2.5.2 Heat t r a n s f e r  i n  s l a g s  

Heat i s  t r a n s f e r r e d  through s l a g s  by a v a r i e t y  o f  mechanisms which include 
convect ion,  r a d i a t i o n  and v a r i o u s  thermal  conduct ion processes ,  v i z .  thermal 
(Vhonon”)  c o n d u c t i v i t y ,  (k ), e l e c t r o n i c  c o n d u c t i v i t y  (k 1) and r a d i a t i o n  
c o n d u c t i v i t y  (kR). Methods ‘for e s t i m a t i n g  t h e  var ious  pEys ica l  p roper t ies  
involved i n  t h e s e  p r o c e s s e s  are cons idered  below. 

2.5.3 Thermal c o n d u c t i v i t y  (k)  

Heat i s  t r a n s f e r r e d  by phonons which a r e  quanta of energy a s s o c i a t e d  with each 
mode of v i b r a t i o n  i n  t h e  sample. S c a t t e r i n g  o f  t h e  phonons causes  a decrease i n  
t h e  thermal  c o n d u c t i v i t y  and t h u s  t h e  c o n d u c t i v i t y  is s e n s i t i v e  t o  t h e  structure 
of t h e  s l a g  and consequent ly  those  f a c t o r s  a f f e c t i n g  s t r u c t u r e  such as  the  
b a s i c i t y .  Despi te  t h i s  s t r u c t u r e  dependence, estima o u l e s  based on the  
a d d i t i v i t y  p r i n c i p l e  ( e q u a t i o n  18)) have been proposed w’q2r. Other models have 
been developed which r e l a t e  k t o  t h e  volume concent ra t ion  of t h e  oxides  i n  the  
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g l a s s ( 4 3 )  and a t h i r d  approach(44)  r e l a t e s  t h e  thermal  resistance ( l / k )  t o  
Ximi Where mi is t h e  e f f e c t i v e n e s s  o f  modi f ie r  o f  component i i n  s c a t t e r i n g  

phonons. 

k i  ( % i ) k i  + ( % j ) k j  + ....... 18 1 

However i n  c o a l  s l a g s  t h e r e  i s  f r e q u e n t l y  an a p p r e c i a b l e  degree of 
c r y s t a l l i z a t i o n  and thermal  c o n d u c t i v i t y  va lue  varies with t h e  thermal 
h i s t o r y  of t h e  sample"'), and consequent ly  r u l e s  developed f o r  g l a s s e s  may not  
aPPlY(yg3l f o r  c o a l  s l a g s .  Recent work c a r r i e d  out  on a l a r g e  number of s i l icate  
s l a g s  i n d i c a t e d  t h a t  t h e  thermal  d i f f u s i v i t y ,  a ,  (a=k/C .e) o f  var ious  s l a g s  
was independent o f  both composition an mp r a t u r e  i n  th% r a n g y  (200_ll300 K) 
with a ( g 1 a s s )  = 4.5(!: 0.5)xlO-' U?S-' ; a ( c r y s t )  = 6x10- m s and 
a ( l i q I 4 $ ) a ( g l a s s ) .  These d a t a  r f y )  c o n s i s t e n t  with va lues  r e p o r t e d  f o r  c o a l  
S l T f g )  

and s teelmaking s l a g s  . However, t h e  va lues  r e p o r t e d  by Nauman e t  
a1 i n d i c a t e  t h a t  a t  h igh  FeO content3  ( >  20%) bgth k and a i n c r e a s e  with 
i n c r e a s i n g  FeO content  (k  = 0.8 + 1 . 7 ~ 1 0 -  (5  FeO) Wm- K-l). 

2.5.4 Absorption c o e f f i c i e n t  ( 

Radiat ion c o n d u c t i v i t y  (k  ) can be t h e  predominant mode of h e a t  t r a n s f e r  through 
semi- t ranspor t  media l i k e  g l a s s e s  and t h e  magnitude of  k is determined l a r g e l y  
by t h e  o p t i c a l  p r o p e r t i e s  such as t h e  a b s o r p t i o n  coe%fic ien t  (at) and t h e  
r e f r a c t i v e  index ( n ) .  The value of kR i n c r e a s e s  as t h e  s l a g  t h i c k n e s s  (d)  is 
i n c r e a s e d  u n t i l  a c r i t i c a l  p o i n t  is a t t a i n e d ,  above t h i s  p o i n t  kR remains 
c o n s t a n t  and independent o f  th ickness .  Above t h i s  c r i t i c a l  p o i n t  t h e  slag is 
s a i d  t o  be " o p t i c a l l y  t h i c k ,  t h i s  condi t ion  a p p l i e s  when a d  > 3.5 and va lues  of  
kR can be c a l c u l a t e d  us ing  equat ion  l g ) ,  where d is  t h e  Stefan-Boltzmann 
cons tan t .  

R 

16 n2T30' kR = - 
301 19) 

No formulae e x i s t  f o r  t h e  c a l c u l a t i o n  of  kR f o r  o p t i c a l l y  t h i n  condition2; The 
a b  o r  t i o n  c o e f f i c i e n t  ( is markedly dependent upon t h e  amounts of Fe and 
Mn'+ ; resent  i n  tqe s l a g d d ) (  l e v e l s  f o r  FeO < 5% t h e  fo l lowing  r e l a t i o n s h i p  can 
be a p p l i e d , d ( c m -  = l l (%FeO) .  Temperature appears  t o  have l i t t l e  e f f e c t  on t h e  
absorp t ion  c o e f f i c i e n t  o f  glasses but  t h e  a b s o r p t i o n  e n t s  o f  magmas have 
been r e p o r t e d  t o  i n c r e a s e  with i n c r e a s i n g  temperature  
t h e  slag w i l l  r e s u l t  i n  a l a r g e  i n c r e a s e  i n  t h e  absorp t ion  ( o r  e x t i n c t i o n )  
c o e f f i c i e n t  which could reduce k t o  v i r t u a l l y  zero .  

The importance of r a d i a t i o n  conduction i n  h e a t  t r a n s f e r  through c o a l  s l a g s  can 
rT$+Jy be demonstrated, f g r  a s l a g  with an a p p r e c i a b l e  FeO c o n t e n t  ( 7 % )  Fine  
- a1 a t  298 K us ing  t h i s  value and equat iz?  J ? ) ,  a va lue  
of kR = 0.9 Wm K can be c a l c u l a t e d  for 1873 K. As k = 1.5 Wm K it can be 
seen  t h a t  about  40% of t h e  h e a t  is t r a n s f e r r e d  by r ad i&ion  conduct ion.  

R 

recordei ,d-f  50 cm 

2.5.5 Emiss iv i ty  ( E )  

The e m i s s i v i t y  ( € 1  Of a semi- t ransparent  medium, is a bulk proper ty  c f .  
e (meta l )  which is s o l e l y  dependent upon t h e  s u r f a c e .  I n  t h e  b a s i s  of t h e  
s p e c t r a l  and t o t a l  normal +emissivi ty  d a t a  r e p o r t e d  f o r  c o a l  and m e t a l l u r g i c a l  
s l a g s  t h e  value 8 = 0.8 - 0.1 can be adopted f o r  c o a l  s l a g s  i n  t h e  range 
(1100 - 1900 K). 
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CONCLUSIONS 

1 )  Est imat ion procedures  based on t h e  chemical  composition of t h e  s l a g  have now 
been developed f o r  t h e  p r e d i c t i o n  of  v i s c o s i t y ,  s u r f a c e  t e n s i o n ,  d e n s i t y  and 
h e a t  capac i ty .  
2 )  The accuracy of  t h e s e  es t imat ion  r o u t i n e s  f o r  some p h y s i c a l  p r o p e r t i e s  (eg 
v i s c o s i t y ,  s u r f a c e  t e n s i o n )  can be improved when more r e l i a b l e  exper imenta l  da ta  
become a v a i l a b l e .  
3 )  The d i s t r i b u t i o n  of i r o n  i n  t h e  s l a g  betwen f r e e  Fer  FeO and Fe 0 has a 
pronounced e f f e c t  of v i r t u a l l y  a l l  t h e  p h y s i c a l  p r o p e r t i e s  and i t  i s  r$cammended 
tha t  experimental  d a t a  f o r  t h e  p r o p e r t i e s  o f  t h e  s l a g  should always be 
accompanied by va lues  for t h e  d i s t r i b u t i o n  o f  i r o n .  
4 )  The development of models f o r  t h e  p r e d i c t i o n  of some p h y s i c a l  p r o p e r t i e s  
( t h e r m a l  c o n d u c t i v i t i e s ,  absorp t ion  c o e f f i c i e n t )  i s  r e s t r i c t e d  by t h e  l i m i t e d  
amount of experimental  d a t a  a v a i l a b l e .  
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T 
Cp and (I$, - H298) for glassy and c r y s t a l l i n e  phase6 Of a 

slag; 0, indicates t y p i c a l  drop c a l o r i m e t r y  r e s u l t s .  
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